Two types of flagella are responsible for motility in mesophilic Aeromonas strains. A polar unsheathed flagellum is expressed constitutively that allows the bacterium to swim in liquid environments and, in media where the polar flagellum is unable to propel the cell, Aeromonas express peritrichous lateral flagella. Recently, Southern blot analysis using a DNA probe based on the Aeromonas caviae Sch3N lateral flagellin gene sequence showed a good correlation between strains positive for the DNA probe, swarming motility and the presence of lateral flagella by microscopy. Here, we conclude that the easiest method for the detection of the lateral flagellin gene(s) is by PCR (polymerase chain reaction); this showed good correlation with swarming motility and the presence of lateral flagella. This was despite the high degree of DNA heterogeneity found in Aeromonas gene sequences. Furthermore, by reintroducing the laf (lateral flagella) genes into several mesophilic lateral-flagella-negative Aeromonas wild-type strains, we demonstrate that this surface structure enhances the adhesion to and invasion of HEp-2 cells and the capacity for biofilm formation in vitro. These results, together with previous data obtained using Laf 3 mutants, demonstrate that lateral flagella production is a pathogenic feature due to its enhancement of the interaction with eukaryotic cell surfaces.
Introduction
Aeromonads are ubiquitous aquatic microorganisms that cause disease in amphibians, ¢sh and reptiles. Three mesophilic Aeromonad species are human pathogens and account for 85% of all clinical isolates ; they are Aeromonas hydrophila belonging to hybridization groups 1 and 3 (HG1 and HG3), Aeromonas veronii biovar sobria (HG8/ HG10) and Aeromonas caviae (HG4). These species are associated with gastrointestinal and extra-intestinal diseases such as wound infections and septicaemia [1] . A number of putative virulence factors have been implicated in aeromonad pathogenesis, such as toxins, proteases, outer membrane proteins, lipopolysaccharide, motility and polar or lateral £agella.
As in Vibrio parahaemolyticus [2] , two types of £agella are responsible for aeromonad motility. A polar unsheathed £agellum is expressed constitutively, which allows bacteria to swim in liquid environments. In environments where the polar £agellum is unable to propel the cell, aeromonads express peritrichous lateral £agella [3] , a phenomenon which could be associated with the colonization of surfaces. Moreover, such hyper£agellated cells demonstrate increased adherence. We have demonstrated that the polar £agellum of A. hydrophila is essential for the invasion of ¢sh cell lines [4] . In addition, the polar £agella of A. caviae are required for adherence to human epithelial cells in vitro [5] . Nine lateral £agella genes, lafA-U for A. hydrophila, and four A. caviae genes, lafA1-A2, lafB and £iU have been isolated. Mutant characterization, nucleotide and N-terminal sequencing demonstrated that the A. hydrophila and A. caviae lateral £agellins were almost identical, but were distinct from their polar £agellum counterparts. The aeromonad polar and lateral £agellins exhibited higher molecular masses on sodium dodecyl sul-fate^polyacrylamide gel electrophoresis (SDS^PAGE). This aberrant migration was thought to be due to posttranslational modi¢cation through glycosylation. Mutation of the Aeromonas lafB, lafS or both A. caviae lateral £agellins caused the loss of lateral £agella and a reduction in adherence and bio¢lm formation. Mutations of lafA1, lafA2, £iU or lafT resulted in strains that expressed lateral £agella, but had reduced adherence levels. Mutation of the lateral £agella loci did not a¡ect polar £agellum synthesis, but the polarity of the transposon insertions on the A. hydrophila lafT/U genes resulted in non-motility [6] .
In this study we describe an easy method for the detection of the lateral £agellin gene(s) by polymerase chain reaction (PCR), despite the high DNA heterogeneity found in Aeromonas gene sequences. Also, by reintroducing the laf genes into several mesophilic Aeromonas strains that lack the laf genes and lateral £agella production, we show that this surface structure enhances the adhesion to and invasion of HEp-2 cells and the capacity of bio¢lm formation.
Materials and methods

Bacterial strains and growth conditions
Aeromonas strains were grown in tryptic soy broth (TSB), tryptic soy agar (TSA) or in brain heart infusion broth (BHIB ; Oxoid). Aeromonas hybridization group reference strains [7] and Aeromonas reference strains for O-serotyping according to Shimada [8] were used. A. hydrophila AH-3, A. veronii bv. sobria AH-1 and A. caviae Sch3N were as previously described [6] . Other mesophilic strains used in this study (n = 100) comprised 50 clinical isolates, 40 from various foods, and 10 from moribund ¢sh (mainly from Spain, UK and USA). Isolates were classi¢ed as Aeromonas by the AerokeyII system [9] , and the di¡erentiation of species was done by appropriate biochemical tests [10] .
Triparental matings
Spontaneous rifampicin-resistant colonies of mesophilic Aeromonas spp. strains were isolated. Matings using Escherichia coli DH5' harboring pCOS-LAF [6] , plus E. coli HB101 with helper plasmid pRK2073, and rifampicin-resistant recipient Aeromonas spp. strains were performed at 30 ‡C. Transconjugants resistant to rifampicin and tetracycline were selected at the same temperature.
Motility assay
Freshly grown bacterial colonies were transferred with a sterile toothpick into the center of motility agar (1% tryptone, 0.5% NaCl, 0.25% agar) or swarming agar (1% tryptone, 0.5% NaCl, 0.6% agar). The plates were incubated face up for 10^18 h at 30 ‡C and motility was assessed by examining the migration of bacteria through the agar from the center towards the periphery of the plate.
Transmission electron microscopy
Bacterial suspensions were placed on Formvar-coated grids and negatively stained with a 2% solution of uranyl acetate, pH 4.1. Preparations were then observed with a Hitachi 600 transmission electron microscope.
Whole cell protein preparation, and immunoblotting
Whole cell proteins were obtained from Aeromonas strains grown on TSA at 30 ‡C. Equivalent numbers of cells were harvested by centrifugation, the cell pellet was resuspended in 50^200 Wl of SDS^PAGE loading bu¡er and boiled for 5 min. Following SDS^PAGE and transfer to nitrocellulose membranes, the membranes were blocked with bovine serum albumin (3 mg ml 31 ), and probed with a polyclonal rabbit anti-lateral £agellin antibody (1:1000) previously obtained [6] . The unbound antibody was removed by three washes in phosphate-bu¡ered saline (PBS), and a goat anti-rabbit horseradish-peroxidase-conjugated secondary antibody (1:1000) was added. The unbound secondary antibody was removed by three washes in PBS. The bound conjugate was then detected by the addition of 2 ml 0.5% 4-chloro-1-naphthol (Sigma) prepared in methanol and diluted in 8 ml PBS containing 50 Wl of 30% H 2 O 2 .
Colony-blot hybridizations
Colonies were transferred onto nylon membranes for colony hybridization (Roche) and then lysed according to the manufacturer's instructions. Probe labeling with digoxigenin, hybridization and detection (Amersham) were carried out according to the supplier's instructions. The laf DNA probe was obtained and labelled after DNA ampli¢cation of plasmid pCOS-LAF [6] using a PCR reaction with oligonucleotides Laf1 and Laf2 (see Section 3).
Adhesion to and invasion of HEp-2 cells
Tissue cultures were maintained as described by Thornley et al. [11] . The adherence assay was conducted as a slight modi¢cation of that described by Carrello et al. [12] . Bacteria were grown statically in BHIB at 37 ‡C, harvested by gentle centrifugation (1600Ug, 5 min) and resuspended in PBS, pH 7.2, at approximately 10 6^1 0 7 cfu ml
31
(A 600 V0.07). The monolayer was infected with 1 ml of the bacterial suspension for 90 min at 37 ‡C in 5% CO 2 .
For the determination of adherence, the cells were washed extensively in Hanks' balanced salt solution with agitation for 2 min prior to lysing with 0.01% Triton X-100 and enumeration of total bacteria by plate counting. For the determination of invasion [4] , the monolayer was infected as previously mentioned and, after being washed, was incubated with temperature-equilibrated medium containing gentamicin (100 mg ml 31 ) to kill the extracellular bacteria [13] . After 90 min incubation, the monolayer was washed and lysed as mentioned above and the released intracellular bacteria enumerated by plate count. Invasion ability was expressed as the percentage of the inoculum surviving the gentamicin treatment. The negative control for invasion was E. coli HB101, which showed 0.04 þ 0.004% invasion. All invasion values are the average of at least three independent experiments (P 6 0.0005). In some experiments, following infection, the non-adherent bacteria were removed from the monolayer by three washes with PBS. The remaining adherent bacteria and the monolayers were then ¢xed in 100% methanol for 5 min. Methanol was removed by washing with PBS, and the HEp-2 cells with the adherent bacteria were stained for 45 min in 10% (v/v) Giemsa stain (BDH, UK) prepared in Giemsa bu¡er. The coverslips were air-dried, mounted and viewed by oil immersion under a light microscope at 1000U magni¢ca-tion. Twenty HEp-2 cells/coverslip were randomly chosen and the number of bacteria adhering/HEp-2 cell was recorded.
Bio¢lm formation
Quantitative bio¢lm formation was performed in a microtiter assay as described previously [6] , with minor modi¢cations. Brie£y, bacteria were grown on TSA and several colonies were gently resuspended in TSB (with or without the appropriate antibiotics) ; 100-Wl aliquots were placed in a microtiter plate (polystyrene) and incubated for 48 h at 30 ‡C without shaking. After the bacterial cultures were discarded, the plate was washed extensively with water, ¢xed with 2.5% glutaraldehyde, washed once with water and then stained with 0.4% crystal violet solution. After solubilization of the crystal violet with ethanol^acetone (80/20, v/v) the absorbance was determined at 570 nm.
Statistical analysis
The di¡erences in adherence to/invasion of cell lines or bio¢lm formation in vitro between the wild-type and mutant strains were analyzed by the t-test using Microsoft Excel software.
Results
Presence of laf genes and lateral £agella
The nucleotide sequences of lateral £agellins from A. hydrophila AH-3 (lafA) and A. caviae Sch3N (lafA1 and lafA2) were aligned in order to ¢nd common oligonucleotides in this DNA region. In the same alignment the nucleotide sequences of the polar £agellins of A. caviae Sch3N (£aA and £aB) and Aeromonas salmonicida (£aA and £aB) were introduced to ensure that the common oligonucleotides for lateral £agellins were unable to amplify the polar £agellins. From this data we found two highly conserved domains in the lateral £agellins (the C-and N-terminal domains), from which oligonucleotides could be designed to be speci¢c for the lateral £agellin only. The oligonucleotides designed were Laf1 (5P-GG-TCTGCGCATCCAACTC-3P) and Laf2 (5P-GCTCCA-GACGGTTGATG-3P). Using a PCR with Laf1, Laf2 and genomic DNA from A. hydrophila AH-3 and A. caviae Sch3N we obtained a single band of approximately 550 bp for each strain, which was con¢rmed by DNA sequencing to be the lateral (laf) £agellin gene(s).
Sixty percent of mesophilic strains showed a positive PCR reaction rendering a single band of approximately 550 bp, and in a number of cases the DNA sequence was con¢rmed by nucleotide sequencing. No ampli¢cation or aberrant multiple bands were obtained for the remaining 40% of the strains tested (Fig. 1A) . The strains were also characterized by colony-blot hybridization against a laf probe and by the ability to swarm. There was a complete correlation between strains which were positive in the PCR reaction, colony-blot hybridization, and the ability to swarm on plates. Furthermore, strains that were negative in the PCR reaction or colony blot were unable to swarm. Several strains (10 positive and 20 negative for the PCR reaction) were tested by electron microscopy and Western immunoblotting for the presence of lateral £agella and the production of lateral £agellin. The correlation between positive/negative strains by the PCR reaction and presence/absence of lateral £agella or lateral £agellin production was 100% in both cases. The distribution of positive strains for lateral £agella was as follows : 62% from clinical strains (31/50), 55% in strains isolated from foods (22/ 40), and 70% (7/10) from ¢sh isolates. No clear association between strains showing lateral £agella and species could be observed.
Only ¢ve of the reference strains for hybridization groups produced a positive PCR reaction, corresponding to groups 4, 5a, 6, 9 and 12. From the reference strains for O-serotyping (44 strains), 50% showed a positive PCR reaction corresponding to serotypes 1, 2, 3, 4, 7, 9, 11, 12, 14, 15, 16, 17, 19, 25, 26, 28, 37, 38, 39, 40, 42, and 44.
The number of lateral £agellin genes
As can be observed from the DNA sequence of A. hydrophila AH-3 (AY028400) and A. caviae Sch3N (AF348135), some Aeromonas spp. strains have either one or two lateral £agellin genes. In order to separate both sets of strains, we aligned lafA of A. hydrophila and lafA2 of A. caviae Sch3N with lafB of both strains. The gene lafB is highly conserved and is found immediately downstream of the lateral £agellin genes (lafA) in both strains. We designed a further speci¢c oligonucleotide from lafB, Laf5 (5P-ATCGCTGGAGGTCATCTTG-3P). In a PCR reaction with Laf1, Laf5 and genomic DNA from A. hydrophila AH-3 and A. caviae Sch3N, we obtained a single band of approximately 1715 bp for A. hydrophila AH-3 and two bands (2751 and 1737 bp) for A. caviae Sch3N (Fig. 1B) . From the 60 mesophilic strains that were lateral £agella positive, only ¢ve strains (8%) gave a DNA double ampli¢cation band from a PCR reaction using oligonucleotides Laf1^Laf5. Of these strains two were clinical isolates (A. veronii bv. sobria and A. caviae), two strains were isolated from foods (A. hydrophila and A. veronii bv. veronii) and one strain isolated from ¢sh infection (A. veronii bv. sobria). None of the hybridization group reference strains with lateral £agella produced two lateral £agellins as judged by PCR. In the case of the reference strains for O-serotyping with lateral £agella, only two strains produced a double ampli¢cation band (serotypes 11 and 42). Fig. 2 . A: Transmission electron microscopy of A. hydrophila ATCC7966 carrying pCOS-LAF (complete laf gene cluster) (1) or pLA2917 (vector alone) (2) grown at 30 ‡C on semisolid motility plates. Bacteria were gently placed onto formvar copper grids and negatively stained. Bar = 0.5 Wm. B: Western blot analysis of A. hydrophila ATCC7966 carrying pCOS-LAF (complete laf gene cluster) (1) or pLA2917 (vector alone) (2) whole cell protein using speci¢c polyclonal antibodies against the lateral £agellin protein. Lane St, molecular mass markers as indicated. Whole cell proteins were obtained from bacteria grown at 30 ‡C in solid media and were analyzed by 12% SDS^PAGE. They were transferred onto nitrocellulose membranes and immunoblotted with anti-lateral £agellin antibodies (1:1000). C: DNA ampli¢cation fragments using oligonucleotides Laf1 and 2 and total DNA of A. hydrophila ATCC7966 carrying pCOS-LAF (complete laf gene cluster) (1) or pLA2917 (vector alone) (2) . Lane MW, molecular mass markers 1-kb Plus DNA Ladder, Invitrogen.
The complete laf gene cluster
Using genomic DNA from A. hydrophila AH-3 or the cosmid pCOS-LAF in a PCR reaction (annealing temperature of 56 ‡C, extension time of 7 min 30 s, and PlatinumTaq high ¢delity polymerase from Invitrogen) with oligonucleotides Laf1 and Laf9 (5P-CCAGATTCTTTTCC-GCCTG-3P) we obtained a single DNA band of approximately 7120 bp. (Fig. 1C) . Oligonucleotide Laf9 was designed from the nucleotide sequence of lafU, the last gene of the laf gene cluster. This allowed the complete ampli¢-cation of the nine laf genes. By applying the same ampli¢cation strategy to A. caviae Sch3N and A. veronii bv. sobria AH-1 genomic DNA, we obtained a single DNA band with a similar size to that of AH-3. Sequence analysis of the edges of this DNA band con¢rmed the presence of lafA and lafU in these strains.
Adhesion to and invasion of HEp-2 cells, and bio¢lm
formation in laf-negative Aeromonas strains upon laf gene cluster introduction A. hydrophila ATCC7966, A. veronii bv. sobria ATCC9071 and A. caviae AH-2020 are mesophilic strains able to swim (motility by polar £agellum tested by di¡er-ent methods) but unable to swarm (absence of lateral £ag-ella as previously tested). Into these strains the complete laf gene cluster of A. hydrophila AH-3 on pCOS-LAF was introduced [6] . Tetracycline-resistant transconjugants were tested for the presence of laf genes by PCR using Laf1 and Laf2 oligonucleotides. Positive colonies of the three strains were able to swarm, showed lateral £agella by electron microscopy, and produced lateral £agellin when tested by Western immunoblotting. None of these e¡ects were produced when only the cosmid vector alone (pLA2917) [14] was independently introduced into these strains. Fig. 2 shows as an example the electron microscopy, the Western blot analysis with antibodies against the lateral £agellin protein using whole cells, and the DNA ampli¢cation fragments in a PCR reaction with oligonucleotides Laf1 and Laf2, of A. hydrophila ATCC7966 (laf negative) with pLA2917 (cosmid vector alone) and pCOS-LAF (the cosmid vector with the entire laf gene cluster from A. hydrophila AH-3).
We previously concluded that Aeromonas lateral £agella play a role in adherence and bio¢lm formation using mutants unable to produce lateral £agella [6] . We now had the opportunity to test these bacterial properties in wildtype strains that were unable to produce lateral £agella (absence of laf genes) by the reintroduction of the complete laf gene cluster. Tables 1 and 2 show the clear enhancement in adhesion to and invasion of HEp-2 cells observed for strains A. hydrophila ATCC7966, A. veronii bv. sobria ATCC9071, and A. caviae AH-2020 when harboring pCOS-LAF, in comparison to the same strains without pCOS-LAF or with the cosmid alone (pLA2917). In all cases there was an approximately three-fold increase when pCOS-LAF was introduced into these laf-negative Aeromonas strains. Furthermore, as can be observed in Table 3 , the same strains carrying pCOS-LAF showed a All values are the average of at least three independent experiments (P 6 0.0005). a Numbers represent the mean þ S.D. All values are the average of at least three independent experiments (P 6 0.0005). a The percentage of input bacteria survivors, after extensive washing, gentamicin treatment. Numbers represent the mean þ S.D. The negative control for invasion was E. coli HB101, which showed 0.04 þ 0.004% invasion. Table 3 The two-fold or greater increase in their ability to form bio¢lms in vitro.
Discussion
We recently cloned and sequenced the gene cluster (laf) responsible for lateral £agella production in A. hydrophila AH-3 and A. caviae Sch3N [6] . Flagellin genes have previously been used for speci¢c detection and identi¢cation of bacteria such as Campylobacter coli, Campylobacter jejuni [15] , Borrelia burdorgferi [16] , Salmonella spp. [17] and Listeria spp. [18] . Using this approach with the C-and Nterminal domains of the Aeromonas lateral £agellins, we developed a highly speci¢c PCR for lateral £agella detection in mesophilic Aeromonas strains. Furthermore, using another PCR reaction, we were able to detect if the laf gene cluster contained one or two £agellin genes as occurs in A. hydrophila AH-3 or A. caviae Sch3N, respectively [6] .
Recently, a study based on Southern analysis using a DNA probe derived from the A. caviae Sch3N lateral £a-gellin sequence showed a good correlation between lafpositive Aeromonas strains, the presence of lateral £agella and swarming motility [19] . Using a similar approach, our PCR-positive strains also showed a good correlation with lateral £agellin DNA probe hybridization, swarming motility, the presence of lateral £agella by electron microscopy and the detection of lateral £agellin by Western immunoblot. PCR-negative strains (by lack of ampli¢cation) showed a good correlation with the absence of lateral £agella, and lack of swarming motility. The values obtained in our study for the presence of lateral £agella in mesophilic Aeromonas strains are similar to those previously obtained by Kirov et al. [19] , but higher than previously reported by Shimada et al. [3] . In our study, approximately 60% of the mesophilic strains possessed laf genes and lateral £agella: 62% in clinical strains, 55% in strains isolated from foods, and 70% from ¢sh isolates. There was no clear association between species and lateral £agella production from both our study and that of Kirov et al. [19] . The number of strains which contain two £a-gellin genes like A. caviae Sch3N was low (8%), whereas most, e.g. A. hydrophila AH-3, showed only a single £a-gellin gene. Furthermore, in three di¡erent strains (including the most important clinical Aeromonas species) the laf gene cluster has the same organization (lafA-B-C-X-E-F-S-T-U). This conclusion was reached for two reasons: (a) we were able to amplify a single band of the same size in all laf-positive strains (like A. hydrophila AH-3) and the DNA sequence of the edges con¢rmed the presence of lafA and lafU genes ; and (b) previous studies using three separate PCR-generated probes to lafB-C, lafX-S and lafT-U showed positive reactions with the three strains tested by dot blot hybridization (data not shown).
The limited distribution of lateral £agella among mesophilic Aeromonas strains argues against their having a signi¢cant role in Aeromonas colonization and pathogenesis. However, there is a wide spectrum of disease presentations associated with Aeromonas gastrointestinal infections. It seems likely that the di¡erent combinations of pathogenic determinants may lead to the di¡erent clinical manifestations analogous to the various pathotypes described for E. coli. Our results clearly demonstrate that the presence of lateral £agella (introducing the laf gene cluster) in some lateral £agella-negative Aeromonas strains increased the ability of these strains for adherence to and invasion of HEp-2 cells, and their ability to form bio¢lms in vitro. All these increased pathogenic factors have been related to persistent infections [20] , for example swarming motility and invasion in Proteus mirabilis kidney infection [21] , and adherence for many species of bacteria. The increase in invasion observed when lateral £agella are produced may account for the Aeromonas dysenteric presentation [22] . We conclude that the presence of lateral £agella and swarmer motility are clear pathogenic factors for mesophilic Aeromonas strains. However, the introduction of the laf gene cluster in lateral £agella-negative Aeromonas strains does not always result in lateral £agella production.
In summary, this study describes an easy and feasible method (a PCR reaction) for determining the presence or absence of genes encoding a virulence factor (laf gene cluster) of Aeromonas spp. Furthermore, the PCR reaction showed good correlation with the lateral £agella production and swarming motility (pathogenic factor(s)) for mesophilic Aeromonas strains.
